Ascorbate (AsA)-glutathione (GSH) cycle metabolism has been regarded as the most important defense mechanism for the resistance of plants under stress. In this study the influence of salicylic acid (SA) was studied on ascorbateglutathione pathway, S-assimilation, photosynthesis and growth of mustard (Brassica juncea L.) plants subjected to 100 mM NaCl. Treatment of SA (0.5 mM) alleviated the negative effects of salt stress and improved photosynthesis and growth through increase in enzymes of ascorbate-glutathione pathway which suggest that SA may participate in the redox balance under salt stress. The increase in leaf sulfur content through higher activity of ATP sulfurylase (ATPS) and serine acetyl transferase (SAT) by SA application was associated with the increased accumulation of glutathione (GSH) and lower levels of oxidative stress. These effects of SA were substantiated by the findings that application of SAanalog, 2,6, dichloro-isonicotinic acid (INA) and 1 mM GSH treatment produced similar results on rubisco, photosynthesis and growth of plants establishing that SA application alleviates the salt-induced decrease in photosynthesis mainly through inducing the enzyme activity of ascorbate-glutathione pathway and increased GSH production. Thus, SA/GSH could be a promising tool for alleviation of salt stress in mustard plants.
Exogenous salicylic acid improves photosynthesis and growth through increase in ascorbate-glutathione metabolism and S assimilation in mustard under salt stress 
PLEASE SCROLL DOWN FOR ARTICLE
Taylor & Francis makes every effort to ensure the accuracy of all the information (the "Content") contained in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and should be independently verified with primary sources of information. Taylor and Francis shall not be liable for any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of the Content.
Introduction
Salt stress is one of the most widespread abiotic stresses which adversely affects plant processes at physiological, biochemical and molecular level and reduces plant productivity. 1, 2 Salinization is rapidly increasing on a global scale and currently effects more than 10% of arable land resulting in greater than 50% decline in the average yields of major crops. 3 Salt stress induces oxidative stress through the over production of reactive oxygen species (ROS) that trigger lipid peroxidation, damage to photosynthetic pigments and disturbance in mineral nutrient status. 4, 5 The inhibitory effect of salt stress on photosynthetic rate may involve stomatal or non-stomatal limitations and inhibition of photochemical processes 6 by disturbing the water balance in plants, homeostasis of Na C and Cl ¡ ions and nutrient uptake. 7 In order to cope with the excess ROS and maintain redox homeostasis, plants have evolved several adaptive mechanisms including highly efficient antioxidant enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR) and dehydroascorbate reductase (DHAR) and also nonenzymatic antioxidants, such as ascorbate (AsA) and glutathione (GSH). 8 AsA and GSH are abundant metabolites participating in many protective mechanisms in leaves, and also react with different ROS 8, 9 and its high efficiency is responsible for the alleviation of oxidative stress under abiotic stress. 10 In addition to its central task as an antioxidant, the role of GSH in plant metabolism concerns with the signaling of sulfur status, resistance to xenobiotics, heavy metal tolerance and pathogen response. 11, 12 It also maintains redox homeostasis in cells. 13 The potential of GSH as antioxidant is related to the activity of glutathione reductase (GR), which catalyzes the regeneration of GSH from oxidized glutathione (GSSG). GSH has been shown to act as a signal molecule for S status of plants 14 and is sensitive to ATP-sulfurylase (ATPS), the first enzyme in S-assimilatory pathway. 15 Sulfur assimilation pathway enzymes have been found to be involved in the regulation of GSH synthesis. Therefore, the activity of ATP-sulfurylase (ATPS) may influence GSH and Cys content in plant cell as it is a constituent of sulfur. In this context the mechanism of ion homeostasis, GSH synthesis and antioxidant enzymes are influenced by plant growth regulator under salt stress. Salicylic acid (SA) is a phenolic compound, required in signal transduction cascades, involved in plant defense mechanisms in response to stress. 16 SA acts as a plant growth regulator and plays an important role in modulating the plant responses to abiotic stresses such as salinity 17, 18 , drought 19 and heat 20 stress. Recently, Nazar et al. 17 reported that SA alleviated salt stress by improving photosynthetic characteristics and increased salt tolerance by inducing antioxidant metabolism in Vigna radiata. The roles of glutathione and GSH/thiol disulphide status in signal transduction cascade and modulation of phytohormones signaling pathways have been shown. 21 The amelioration of salt stress by SA has been reported, but the information on the effect of SA in the alleviation of salt stress by modulating the enzymes of AsA-GSH, S-assimilating enzyme and GSH content is not available. The objective of the research work undertaken was to test the hypothesis that SA protects photosynthesis through increase in the activity of AsA-GSH enzymes, ATPS activity and increased production of GSH content alleviates adverse effects of salt stress on photosynthesis and growth and increases antioxidant enzymes in mustard (Brassica juncea L.) cv. Pusa Jai Kisan. The results on SA effects were compared with the effects of biologically active SA analog, 2,6, dichloro-isonicotinic acid (INA) and exogenous GSH. The INA and GSH have been used in studies for confirming the effects of SA on GSH, respectively. The cultivar Pusa Jai Kisan has been shown to be a sulfur efficient type of mustard. 22 
Results
Effect of SA on the accumulation of ions and oxidative stress In order to assess the influence of SA in alleviation of saltinduced oxidative stress, we analyzed leaf Na C and Cl ¡ content and oxidative stress in terms of TBARS and H 2 O 2 following treatment of 0.5 mM SA in presence or absence of 100 mM NaCl. The plants grown with NaCl showed higher leaf Na C and Cl ¡ content and oxidative stress in comparison to control (Fig. 1) . Plant subjected to salt stress showed increased content of TBARS and H 2 O 2 . The content of TBARS and H -2 O 2 in plants grown with salt increased by 2.8-times and 3.5-times, in comparison to their respective control (Fig. 1) . Plants treated with 0.5 mM SA resulted in reduced leaf Na C and Cl ¡ content of plants grown with or without NaCl, but more conspicuously in plants grown with NaCl. SA treatment to salt stressed plants lowered Cl ¡ content to half and reduced Na C content to 36.1% compared to NaCl -treated plants.
SA enhances antioxidant metabolism in plants under salt stress
To determine whether SA is involved in the alleviation of saltinduced oxidative stress through its effect on antioxidant metabolism, we examined the activity of antioxidant enzymes following treatment of 0.5 mM SA in presence or absence of 100 mM NaCl. The treatment of 100 mM NaCl increased the activity of antioxidant enzymes (DHAR, APX and GR) compared to the control plants (Fig. 2) . Salt stress increased dehydroascorbate reductase (DHAR), ascorbate peroxidase (APX) and glutathione reductase(GR) by 29.5%, 216.7% and 78.9%, respectively compared to control. Application of 0.5 mM SA without NaCl resulted in increase in the activity of DHAR, APX and GR, respectively compared to control whereas, application of 0.5 mM SA plus NaCl maximally increased the activity of DHAR, APX and GR by 54.1%, 247.5% and 110.5%, respectively compared to control.
SA increases ATP-sulfurylase, SAT activity, and content of S and Cysteine
To assess the importance of SA in sulfur assimilation we analyzed activity of ATP-sulfurylase and SAT, and content of S and Cys. Salt stress increased the activity of ATPS and SAT and Cys content by 29.5%, 23.3% and 70.1%, respectively, whereas S content decreased by 32.1% compared to control. Application of 0.5 mM SA in presence of NaCl further increased the activity of ATPS and SAT, and content of Cys by 87.1%, 75.8% and 128.2%, respectively compared to control. Maximum S content was recorded with 0.5 mM SA under non-saline condition. Similarly, an increase of 62.6% in S content was noted with 0.5 mM SA under salt stress in comparison to control (Fig. 3) .
Response of SA on AsA-GSH pools and their redox status The plants grown with NaCl resulted in decreased AsA content and increased DHA content in comparison to control. SA application at 0.5 mM resulted in increased AsA (reduced) content and AsA/DHA ratio by 5.2% and 49.6%, respectively, in comparison to control (Fig. 4) . Similarly, content of GSH and GSSG also increased under salt stress. Supplementation of 0.5 mM SA further increased the reduced GSH by 34.0% and GSH/GSSG ratio by 28.0% in comparison to control. In contrast, GSSG was reduced as compared to control (Fig. 5 ).
SA promotes photosynthetic and growth parameters under salt stress
Salt stress reduced maximal PS II photochemical efficiency, Rubisco activity and gas exchange parameters compared to control. Photosynthetic attributes were improved by the application of SA compared to control under no salt stress ( Table 1) . Application of 0.5 mM SA on NaCl-grown plants completely alleviated the NaCl effects and increased the maximal PS II photochemical efficiency, Rubisco activity and water-use efficiency (WUE) by 2.3%, 23.0% and 6.6%, respectively, compared to control. Salt stress significantly reduced net photosynthesis, stomatal conductance and intercellular CO 2 concentration by 40.0%, 26.4% and 41.3%, respectively, compared to control. However, SA treatment to salt stressed plants reduced the negative effects on photosynthetic attributes, and SA application limited the decreases in the above characteristics to 22.1%, 19.2% and 24.9%, respectively, in comparison to control ( Table 1) . The growth characteristic, leaf area and plant dry mass decreased significantly under salt stress. In the presence of salt stress, the decrease in leaf area and plant dry mass was maximally overcome by 15.8% and 43.1% by the supplementation of SA.
Comparative effect of SA, SA-analog (INA) and GSH on rubisco, photosynthesis and plant dry mass under salt stress
To substantiate the effects of SA in alleviation of the adverse effects of salt stress on photosynthesis and growth, we examined the effects of 0.5 mM SA-analog (INA) and 1 mM GSH given along with 100 mM NaCl and compared its efficacy in salt stress alleviation by 0.5 mM SA. It was observed that 0.5 mM INA www.tandfonline.com e1003751-3 Plant Signaling & Behavior and 1 mM GSH resulted in similar effects to SA treatment on the content of rubisco, photosynthesis and plant dry mass under no stress and salt stress condition as compared to control, indicating a relationship between GSH and SA in salt stress alleviation (Fig. 6 ).
Discussion
The importance of phytohormones in augmenting productivity has been recognized since long. However, the recognition of salicylic acid as a plant growth regulator in sustainability of crop production has received attention in recent years. Hence, the aim of the reported research undertaken was to gain insight into the SA-induced mechanisms for protection of photosynthesis and growth under salt stress. In this study, it was observed that SA application promoted photosynthesis under no stress condition, and alleviated the negative effect of salt stress through enhancing the enzyme activity of AsA-GSH, sulfur assimilation enzymes and GSH synthesis.
Salt stress-induced reduction in photosynthesis has been linked with the changes in photosynthesizing tissue, toxicity of excessive Na C and Cl ¡ and reduction in translocation of assimilates to the sink and results in increasing the production of ROS leading to inhibition in photosynthetic and growth characteristics. Supplementation of 0.5 mM SA resulted in the protection of photosynthesis under salt stress which was associated with the decreased content of Na C and Cl ¡ ions. The reduced contents of Na C in leaves indicated that Na C was retained in the roots, perhaps by a mechanism involving regulation of water content and lowered the oxidative stress. The oxidative stress measured in terms of TBARS and H 2 O 2 in salt-stressed plants, was found reduced by SA treatment. The results are consistent with the other studies showing that application of SA decreased Na C concentration in roots and shoots of Zea mays seedlings and resulted in an increase of nutrients content. 23, 24 Jayakannan et al. 25 have also shown that SA pretreatment in Arabidopsis did not decrease Na C entry into roots, but reduced Na C accumulation in the shoot. Application of SA has been shown to influence plant growth by promoting protective reactions involving photosynthetic pigments and membrane integrity. 26, 27 Of the strategies capable of counteracting salt stress and its detoxification, the pivotal role of AsA-GSH pools and the coordination between AsA-GSH regenerating enzymes with other enzymatic antioxidants should be studied. Activities of enzymes in the ascorbate glutathione cycle are increased under salt stress suggesting a requirement for increased activity of the cycle under these conditions. Polle and Rennenberg 28 reported that AsA acts as an efficient scavenger for oxidative compounds. Further, the capability of the AsA-GSH regenerating enzyme system comprising MDHAR, DHAR, and GR, and the maintenance of AsA, DHA, GSH, and GSSG pools 29 may contribute to controlling salinity stress. In the present study, the induction of antioxidants mechanisms for the protection against ROS includes DHAR, APX and GR in response to salt stress which together helped in the scavenging of H 2 O 2 into H 2 O and O 2 in plants 30 and subsequently resulted in GSH production on application of SA. These results imply that SA may provide protection against the oxidative stress by maintaining the redox balance. Both AsA and GSH are required in plants to maintain the intergrity of the photosynthetic membranes and an active AsA-GSH pathway under oxidative stress. 30, 31, 32 In addition, Kocsy et al. 33 suggested that the change of AsA/DHA and GSH/GSSG was more important in cell resistance against ROS compared with AsA or GSH content. Under salt stress decline in AsA/DHA and GSH/GSSG ratios was reversed by SA application. Hence, SA-treated plants, maintained elevated levels of AsA and GSH as well as high redox ratios of AsA/DHA and GSH/GSSG could be associated with salt tolerance and contributed to prevent oxidative injury in these plants. The increased rate of GSH (GSH/GSSG) was associated with the GR activity which was up regulated maximally under salt stress in SA-treated plants. The S-assimilatory pathway also regulates the synthesis of GSH and is connected to the enzymes of ascorbate-glutathione (AsA-GSH) pathway. Thus, S-assimilation regulated antioxidant system and helped in eliminating Figure 5 . Content of GSH, GSSG, and ratio of GSH/GSSG in leaves of mustard (Brassica juncea L.) cv. Pusa Jai Kisan grown with 100 mM NaCl and treated with foliar 0.5 mM SA at 30 DAS. Data are presented as treatments mean § SE (n D 4). Data followed by same letter are not significantly different by LSD test at P < 0.05. GSH; reduced glutathione, GSSG; oxidized glutathione.
www.tandfonline.com e1003751-5 Plant Signaling & Behavior H 2 O 2 and repairing cellular injury. 34 It has been reported that withdrawal of S from the medium leads to decreased levels of sulfate and GSH in Arabidopsis and canola plants tissues resulting in the induction of sulfate transporter systems and ATPS activity. 35, 36 The inhibition in the activity of ATPS1 and APR results in the inhibition of GSH synthesis. 37, 38, 39 Supplementation of 0.5 mM SA results in the substantial increase in ATP sulfurylase, serine acetyl transferase activity and Cys content under salt stress and helps in reversing the effects of NaCl ¡ induced ROS on photosynthesis. This might be due to SA application which helped to protect photosynthesis through increase in ascorbate-glutathione metabolism and sulfur assimilation enzymes, which would enhance the production of glutathione and increase antioxidant enzymes activity (Fig. 7) . Freeman et al. 40 showed that elevation of free SA levels in Arabidopsis, both genetically and by exogenous feeding, enhanced the specific activity of serine acetyl transferase, leading to elevated glutathione and increased Ni resistance. Hacham et al. 41 studied that GSH might have a role in response to biotic stress by initiating defense responses and modifying plants' growth and development. The report on the effect of SA on the AsA-GSH metabolism and S assimilation enzymes in mustard under salt stress is not available in the literature. Khan et al. 42 have already reported that higher ATPS activity in mustard is necessary for the maintenance of optimal GSH levels required for the proper functioning of ascorbate-glutathione pathway. In our experiment, SA induces tolerance under salt stress and maintained the high intracellular redox status of AsA-GSH pools,which was tuned with a good coordination between AsA-GSH regenerating enzymes. Overall, the thiol-disulphide redox state serves as a marker of stress and cell viability, with important impacts upon the signaling mechanism during abiotic stress. 43 In sulfur-sufficient plants higher levels of thiol compounds were more able to remove the toxic effects of salt stress and were more tolerant. 44 Photosynthesis is one of the most important processes and its efficiency is drastically reduced under salt stress 45 as shown by the inhibition of Fv/Fm and Rubisco. Miteva et al. 46 reported that salt stress reduced the rubisco level by approximately 80% in barley seedlings. Such a kind of salt stress might imply the effect of salt at the level of transcription, translation or gene regulation. 47 Arfan et al. 48 observed that foliar spray of SA might have affected certain metabolic factors in carbon uptake or fixation of Rubisco enzyme, and/or photosynthetic carbon reduction cycle. The increment in photosynthesis and plant growth by SA under salt stress is attributed to increased S-assimilation and higher allocation of N and S to Rubisco protein and increased availability of CO 2 for Rubisco.This might be responsible for its favorable effect on plant growth and development. Makino 49 established a positive relationship of leaf Rubisco with photosynthesis in most of the plants and became beneficial for the survival of plants under stressful conditions. Furthermore, it was observed that SA improved the photosynthetic attributes, PS II activity, water-use efficiency, plant dry mass and lead area.
Taken together, we infer that the higher tolerance of mustard was due to its lower content of Na C and Cl ¡ and oxidative stress and higher activity of AsA-GSH metabolism and S assimilation enzymes. These traits helped to reduce the oxidative stress and remove ROS efficiently. Conclusively, it may be said that application of 0.5 mM SA alleviated the adverse effects of salt stress and improved photosynthetic capacity by inducing the enzymes of AsA-GSH pathway, sulfur assimilation enzymes through meeting out the demand for GSH synthesis. Higher activity of Sassimilation enzymes together with GSH results in better antioxidative protection and adaptation against the salt stress which protected the photosynthetic apparatus and maintained photosynthessis.
Materials and Methods
Plant material and growth conditions Mustard (Brassica juncea L.) cv Pusa Jai Kisan were raised from surface sterilized seeds and sown in 23-cm diameter earthen pots filled with acid-washed sand. Plants grown in pots were kept in a greenhouse under natural day/night conditions with photosynthetically active radiation (PAR>900 mmol m ¡2 s ¡1 and average day/night temperature of 33/20 § 2 C in the Department of Botany, Jamia Hamdard University, Delhi, India. Plants (2 per pot) were subjected to either 0 (control) or 100 mM NaCl. Pots were saturated daily with 300 mL of 100 mM NaCl in the form of modified full strength Hoagland's nutrient solution and the control group of plants were fed with 300 mL nutrient solution. Salicylic acid was dissolved in absolute ethanol then added drop wise to water (ethanol/water: 1/1000 v/v). In experiments, treatments of SA or/and SA analog (INA) at 0.5 mM concentration and 1 mM GSH were applied at 15d after sowing (DAS) on the foliage of 0 and 100 mM NaCl ¡ grown plants. The concentration of SA was selected based on our earlier findings. 17 A control group of plants grown without NaCl and sprayed with ethanol/ water: 1/1000 v/v was maintained. A surfactant teepol (0.5%) was added with the control and SA treatments solution. The volume of the spray was 25 mL per pot. The experiment followed a www.tandfonline.com e1003751-7 Plant Signaling & Behavior completely randomized block design and the number of replicates for each treatment was 4 (n D 4). Measurements were done at 30 DAS and care was taken to select same age of leaves for the determinations.
Estimation of content of ions, lipid peroxidation and H 2 O 2 content
The content of Na C and Cl ¡ was determined in the digested plant samples using Tri acid mixture (TAM), which is a mixture of nitric acid, sulfuric acid and perchloric acid in the ratio of 10:5:4. The content of Na C was estimated using flame photometer (Khera-391: Khera Instruments, New Delhi), whereas Cl ¡ content was determined by titration against 0.02 N silver nitrate solution using 5% K 2 CrO 4 as indicator.
The level of lipid peroxidation in leaves was determined by estimating the content of thiobarbituric acid reactive substances (TBARS) as described by Dhindsa et al. 50 Fresh leaf tissues (0.5 g) were ground in 0.25% 2-thiobarbituric acid in 10% trichloroacetic acid using mortar and pestle. After heating at 95 C for 30 min, the mixture was quickly cooled on ice bath and centrifuged at 10,000 £ g for 10 min. The absorbance of the supernatant was read at 532 nm and corrected for non-specific turbidity by subtracting the absorbance of the same at 600 nm. The content of TBARS was calculated using the extinction coefficient (155 mM ¡1 cm ¡1 ). The content of H 2 O 2 was determined following the method of Okuda et al. 51 Fresh leaf tissues (50 mg) were ground in an ice cold 200 mM perchloric acid. After centrifugation at 1200 £ g for 10 min, perchloric acid of the supernatant was neutralized with 4 M KOH. The insoluble potassium perchlorate was eliminated by centrifugation at 500 £ g for 3 min. The reaction was started by the addition of peroxidase and the increase in absorbance was recorded at 590 nm for 3 min.
Assay of antioxidant enzymes
Fresh leaf tissues (200 mg) were homogenized with an extraction buffer containing 0.05% (v/v) Triton X-100 and 1% (w/v) polyvinylpyrrolidone (PVP) in potassium-phosphate buffer (100 mM, pH 7.0) using chilled mortar and pestle. The homogenate was centrifuged at 15,000 £ g for 20 min at 4 C. The supernatant obtained after centrifugation was used for the assay of glutathione reductase (GR; EC 1.6.4.2) enzyme. For the assay of ascorbate peroxidase (APX; EC 1.11.1.11), extraction buffer was supplemented with 2 mM ascorbate. DHAR activity was measured by the method of Nakano and Asada 52 by the formation of ascorbate at 265 nm. The reaction mixture contained 25 mmol L ¡1 phosphate buffer (pH 7.0), 2.5 mmol L ¡1 reduced glutathione, 0.4 mmol L ¡1 dehydroascorbate, and the enzyme extract.
Activity of APX was determined by adopting the method of Nakano and Asada 52 by recording the decrease in absorbance of ascorbate at 290 nm. The assay mixture contained phosphate buffer (50 mM, pH 7.0), 0.1 mM EDTA, 0.5 mM ascorbate, 0.1 mM H 2 O 2 and the enzyme extract. Activity of APX was calculated by using the extinction coefficient 2.8 mM ¡1 cm ¡1 . One unit of enzyme was the amount necessary to decompose 1 mmol of substrate per min at 25 C. Activity of GR was determined by the method of Foyer and Halliwell 53 by monitoring the glutathione dependent oxidation of NADPH at 340 nm. The assay mixture contained phosphate buffer (25 mM, pH 7.8), 0.5 mM oxidized glutathione (GSSG), 0.2 mM NADPH and the enzyme extract. The activity of GR was calculated by using extinction coefficient 6.2 mM ¡1 cm ¡1 . One unit of enzyme was the amount necessary to decompose 1 mmol of NADPH per min at 25 C.
Assay of ATPS, SAT, contents of S and Cys
Activity of ATP-sulfurylase (ATPS) was measured in leaves by the method of Lappartient and Touraine 35 . Fresh leaf tissues (1 gm) was ground at 4 C in a buffer consisting of 10 mM Na 2 EDTA, 20 mM Tris-HCl (pH 8.0), 2 mM dithiothreitol (DTT), and 0.01 g mL ¡1 PVP, using 1:4 (w/v) tissue to buffer ratio. The homogenate was centrifuged at 20,000 £ g for 10 min at 4 C. The supernatant was used for in vitro ATP-sulfurylase assay. The enzyme activity was measured using molybdate-dependent formation of pyrophosphate. The reaction was initiated by adding 0.1 mL of extract to 0.5 mL of the reaction mixture, which contained 7 mM MgCl 2 , 5 mM of Na 2 MoO 4 , 2 mM of Na 2 ATP, and 0.032 units mL ¡1 of sulfate-free inorganic pyrophosphate in 80 mM Tris-HCl buffer (pH 8.0). Another aliquot from the same extract was added to the same reaction mixture except that Na 2 MoO 4 was absent. Incubations were carried out at 37 C for 15 min, after which phosphate was determined on a spectrophotometer.
Activity of SAT in the leaf extract was determined by the method of Kredich and Tomkins. 54 Fresh leaf tissues (0.5 g) were ground with a chilled mortar and pestle in 2 mL of ice cold extraction buffer Tris-HCl 100 mM (pH 8.0), 100 mM KCl, 20 mM MgCl 2 , 1% Tween 80, and 10 mM DTT. The samples were centrifuged at 12,000 g for 10 min at 4 C. The supernatant obtained was used for SAT assay. The enzyme reaction mixture contained 0.1 mM acetyl CoA, 50 mM Tris-HCl (pH 7.6), 1 mM 5 0 5 0 -dithiobis-2-nitrobenzoic acid (DTNB), 1 mM EDTA, and 1 mM L-serine in 1 mL. Subsequent to reaction initiation by addition of enzyme at 25 C, the rate was estimated by monitoring the increase in absorbance at 412 nm and calculated using an extinction coefficient of 13, 600. A blank containing all materials except LSerine was run simultaneously and subtracted from the reaction rate obtained with L-serine.
Content of S was determined in leaf samples digested in a mixture of concentrated HNO 3 and 60% HClO 4 (85:1,v/v) using the turbidimetric method of Chesnin and Yien. 55 The content of cysteine in leaves was determined spectrophotometrically, adopting the method of Giatonde. 56 Fresh leaf (0.5 g) was homogenized in 5% (w/v) ice-cold perchloric acid. The final volume of 4 mL g ¡1 of plant tissue was used. The suspension was centrifuged at 2800 £ g for 1 h at 5 C, and the supernatant was filtered through Whatman no. 30 paper. The filtrate (1 mL) was treated with acid ninhydrin reagent. The extinction was read at 580 nm, and the amount of cysteine was calculated with reference to a calibration curve obtained under similar conditions for standard cysteine.
Determination of AsA and GSH content The method described by Law et al. 57 was employed for the determination of reduced (AsA) and oxidized (DHA). The assay was based on the reduction of Fe 3C to Fe 2C by AsA in acidic solution. The Fe 2C forms complex with bipyridal, giving pink color that absorbs at 525 nm. Total AsA was determined through reduction of DHA to AsA by dithiothreitol.
Glutathione was estimated following the method of Anderson. 58 Fresh leaf (0.5 g) was homogenized in 2 mL of 5% (w/v) sulfosalicylic acid under cold conditions. The homogenate was centrifuged at 10,000 £ g for 10 min. To 0.5 mL of the supernatant, 0.6 mL of 100 mM (pH 7.0) phosphate buffer and 40 mL of DTNB were added. After 2 min, the absorbance was read at 412 nm with a UV-vis spectrophotometer. GSSG was determined in presence of 2-vinylpyridine and GSH content was calculated as the difference between total glutathione and GSSG.
Photosynthesis and growth attributes
The maximal PS II photochemical efficiency (Fv/Fm) of the fully expanded second leaf from top of plant was determined with the help of chlorophyll fluorometer (OS-30p; OptiSciences, Inc., Hudson, USA).
Rubisco activity was determined spectrophotometrically by adopting the method of Usuda 59 by monitoring NADH oxidation at 30 C at 340 nm during the conversion of 3-phosphoglycerate to glycerol 3-phosphate after the addition of enzyme extract to the assay medium. For enzyme extraction, leaf tissue (1.0 g) was homogenized using a chilled mortar and pestle with ice-cold extraction buffer containing 0.25 M Tris-HCl (pH 7.8), 0.05 M MgCl 2 , 0.0025 M EDTA and 37.5 mg DTT. The homogenate was centrifuged at 4 C at 10,000 £ g for 10 min. The resulting supernatant was used to assay the enzyme. The reaction mixture contained 100 mM Tris-HCl (pH 8.0), 40 mM NaHCO 3 , 10 mM MgCl 2 , 0.2 mM NADH, 4 mM ATP, 5 mM DTT, 1 U of glyceraldehydes 3-phosphodehydrogenase and 1 U of 3-phosphoglycerate kinase and 0.2 mM ribulose 1,5-bisphosphate (RuBP). Protein was estimated according to Bradford 60 using bovine serum albumin as standard. Wateruse efficiency (WUE) was calculated as the ratio of photosynthesis to stomatal conductance to avoid effects of small differences in vapor pressure between measurements 61 . Stomatal conductance (gs) and intercellular CO 2 concentration (Ci) and net photosynthesis (Pn), were measured in fully expanded uppermost leaves of plants in each treatment using infra red gas analyzer (CI-340, Photosynthesis System, BioScience, USA). The measurements were done between 11.00 and 12.00 h at light saturating intensity and at 370 § 5 mmol mol ¡1 atmospheric CO 2 concentrations.
Plants were uprooted carefully from the pots, washed to remove dust. Leaf area was measured with a leaf area meter (LA 211, Systronics, New Delhi, India). Dry mass of plants was recorded after drying the sample in a hot air oven at 80 C till constant weight.
Statistical analysis
Data were statistically analyzed using analysis of variance (ANOVA) by SPSS statistics (ver.17.0), and presented as treatment mean § SE (n D 4). Least significant difference (LSD) was calculated for the significant data at P < 0.05. Bars showing the same letter are not significantly different by LSD test at P < 0.05.
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